Highly ordered mesoporous tungsten trioxide (WO 3 ) with high surface area (75 m 2 /g) and wellde¯ned mesopores were successfully prepared through a hard templating method using a mesoporous silica KIT-6 as a template and (NH 4 ) 6 H 2 W 12 O 40 Á xH 2 O as a tungsten precursor. Oxidative desulfurization of a model oil with H 2 O 2 as the oxidant was carried out at 50 C under atmospheric pressure in order to analyze the catalytic activity. The desulfurization reactions were optimized by various kinds of reaction parameters such as H 2 O 2 /S molar ratio, reaction temperatures and series of sulfur-containing compounds [dibenzothiophene (DBT), benzothiophene (BT) and 4,6-dimethyl dibenzothiophene (4,6-DMBT)]. Excellent catalytic activity for the removal of the sulfur-containing compounds from the model oil was observed with mesoporous WO 3 catalyst, where the activity was maintained during 5 recycle tests without any regeneration process. The high catalytic activity and durability is mainly attributed to well-de¯ned mesopores and high surface area of mesoporous WO 3 catalyst.
Introduction
Recently, with the increase of green awareness, the sulfur content of fuel oils has attracted wide attention owing to the environmental issues, which is a main source of acid rain and air pollution. 1, 2 The sulfur species also poison noble-metal catalysts used in the petrochemical, automobile and fuel-cell industries. 3 Hence, desulfurization has become an imperative subject worldwide. According to the U.S. Environmental Protection Agency (EPA) regulations, the sulfur content in fuel oils is around 10 ppm in many countries in the future. [4] [5] [6] Hydrodesulfurization (HDS) is a commonly adopted method to remove the sulfur-containing compounds from fuel oils, which shows high activity to remove aliphatic compounds, including thiols, thioethers and disul¯des. However, it is di±cult to remove aromatic compounds containing sulfur such as dibenzothiophene (DBT) and its derivatives, attributing to their steric hindrance, especially 4,6-dimethyl dibenzothiophene (4,6-DMDBT) by the HDS reaction. [7] [8] [9] [10] [11] [12] Moreover, the HDS process needs harsh conditions such as high temperature, high pressure and a lot of hydrogen uptake.
Hence, several new deep desulfurization technologies have been developed, such as extraction by ionic liquid, 5, [13] [14] [15] adsorption, [16] [17] [18] oxidation 19, 20 and bioprocess. [21] [22] [23] Among them, an oxidative desulfurization (ODS) combined with a simultaneous extraction, is considered to be one of the most promising desulfurization processes, which can be operated at low temperatures (< 100 C) under ambient pressure. In the ODS process, aromatic sulfur compounds can be oxidized to their corresponding sulfoxides and sulfones, and then removed from the fuel oils by solvent extraction or adsorption. Various oxidants, such as hydrogen peroxide, 24, 25 tert-butyl hydroperoxide, 26 K 2 FeO 4 , 27 etc., have been studied for oxidation of sulfur compounds. Among them, H 2 O 2 is a most widely used oxidant in the ODS process, due to its commercial availability and nonpolluting properties.
Till now, a series of catalysts have been reported such as formic acid, 28 polyoxometalates, 29 WO x / ZrO 2 21 and titanium-containing silicas. 9, 30, 31 Especially, transition metal-based materials (Mo, W, Ti, V, etc.) exhibit high activity in the ODS reactions under mild conditions, owning to their high oxidation states with facile redox properties. These metal complexes, combined with H 2 O 2 , can generate peroxo-metal species which is a key factor to improve the performance of ODS reaction. [32] [33] [34] Recently, Ti-SBA-15 catalysts, prepared by incorporating titanium chelate species into mesoporous silica materials with high surface area and hydrophobic surface properties, can prevent the catalyst deactivation by inhibiting the adsorption of reaction products on the active sites. 30 Other catalysts such as W-MCM-41 32 and WO 3 -SBA-15 35 with high porosity and narrowly distributed pore size were also used as catalysts for ODS. However, these mesoporous silica-based catalysts are composed of SiO 2 frameworks, which have no catalytic ability in this reaction, and the used catalysts need to be regenerated by washing with solvent or calcination at high temperature in order to remove the sulfoxides or sulfones from active sites of the catalyst.
In this work, ordered mesoporous tungsten trioxide (WO 3 ) with well-de¯ned mesoporosity, high surface area, high thermal stability and crystalline frameworks was used as a catalyst for the removal of sulfur-containing compounds from model oil. The reaction was carried out with H 2 O 2 as oxidant, acetonitrile as an extraction solvent. The mesoporous WO 3 catalyst showed excellent catalytic activity in the ODS reaction of DBT under mild conditions. A series of reaction systems, H 2 O 2 /S molar ratio and reaction temperatures were tested for the same reaction in order to optimize the reaction conditions. Mesoporous WO 3 also exhibited good catalytic activity for the removal of other sulfur-containing compounds such as benzothiophene (BT) and 4,6-DMDBT. Moreover, the present mesoporous WO 3 catalyst showed excellent recycle ability of almost 100% DBT removal without any regeneration process, which could be utilized more than¯ve times. 20 , M w ¼ 5800, Aldrich) was dissolved in mixture of 1085 g distilled water, 30.0 g of n-butanol (95.5%, Aldrich) and 59.0 g of HCl (35 wt.%, Aldrich). After stirring for 1 h, 64.5 g of tetraethylorthosilicate (TEOS, Aldrich) was added to the P123 solution and stirred at 35 C for 24 h, and then heated at 80 C for 24 h under static conditions. The white precipitate was¯ltered, washed with distilled water and dried at 100 C in an oven for 12 h. The material was¯nally calcined at 550 C for 3 h in order to remove the organic species.
Experimental Section
The mesoporous WO 3 catalyst was prepared by a nanoreplication method using the above mesoporous KIT-6 as the template and (NH 4 ) 6 H 2 W 12 O 40 Á xH 2 O (Sigma-Aldrich) as the tungsten precursor. First, an aqueous solution of the tungsten precursor, containing 3.5 g of (NH 4 ) 6 H 2 W 12 O 40 Á xH 2 O and 3.0 g of doubly distilled water, was impregnated to 5.0 g of the calcined KIT-6 template by an incipient wetness method. Then, the impregnated sample was heated at 80 C in a convection oven overnight. The obtained composite was calcined under static air conditions at 550 C for 4 h. After the heat treatment, the silica template was removed from the composite material by treating with a HF solution. The mesoporous WO 3 material was collected by centrifuge, washed with distilled water and acetone by several times, and dried at 80 C for 12 h.
Characterization
X-ray di®raction (XRD) patterns were obtained using the re°ection mode of a Rigaku D/MAX-2200 di®ractometer employing CuK radiation at 30 kV and 40 mA. The scanning electron microscopy (SEM) image was obtained by a Hitachi UHR S 5500 FE-SEM operating at an accelerating voltage of 30 kV. Transmission electron microscopy (TEM) images were collected using JEOL JEM 3010 at an accelerating voltage of 300 kV. N 2 adsorption-desorption isotherms were collected on a Micromeritics Tristar system at liquid N 2 temperature. Speci¯c Brunauer-Emmett-Teller (BET) surface areas were calculated from the adsorption branches in the range of relative pressure ðp=p 0 Þ ¼ 0:05-0.20. Pore size distribution (PSD) was calculated by the Barrett-Joyner-Halenda (BJH) method on the basis of the adsorption branch.
Desulfurization of model oil
Model oil was prepared by dissolving DBT, BT or 4,6-DMDBT in n-heptane with a corresponding Scontent of 2000 ppm. The catalytic activity was carried out in a 100 mL two-necked°ask. The mixture including 0.1 g catalyst, 0.27 mL of 34.5% H 2 O 2 aqueous solution, 14 mL of acetonitrile and 14 mL of the model oil. Then, the mixture was stirred vigorously with magnetic stirrer at 50 C for 2 h under atmospheric pressure. The reaction products (upper oil layer) were withdrawn every 30 min and analyzed by gas chromatography-°ame ionization detector (GC-FID) equipped with a HP-5 capillary column (30 m Â 0:32 mm inner diameterÂ 1:0 m¯lm thickness). The framework crystallinity of the mesoporous WO 3 material was examined by wide-angle XRD Fig. 1 . a) Low-and (b) wide-angle XRD patterns of mesoporous WO 3 material. Inset of (a) is the XRD pattern of mesoporous silica template (KIT-6).
Results and Discussion
measurement, as shown in Fig. 1(b) . Well-identi¯ed peaks at 2 ¼ 23:5 , 26.5 , 28.8 and 33.6 are observed and can be indexed to (020), (120), (111) and (201) planes of a highly crystalline WO 3 phase (JCPDS 20-1324, monoclinic, P 12 1 =c1). There was no signi¯cant change in the WO 3 framework crystallinity before and after the removal of silica template. The crystallite size of WO 3 framework is about 7.4 nm, calculated from the XRD pattern using Debye-Scherrer equation, which are in good agreement with the pore size of KIT-6 template (7.2 nm). As shown in Fig. 2 , electron microscopy investigations also reveal that the mesostructural order of the present mesoporous WO 3 material is well maintained after the nanoreplication from the silica template. As shown in the SEM image of Fig. 2(a) , the mesoporous WO 3 material exhibits several hundred nanometer-sized particles that are composed with regular arrays of frameworks over the whole particles, indicating the formation of highly ordered mesostructure. Energy dispersive X-ray (EDX) analysis data, taken during the SEM measurement, reveal that no silicon element is detected, indicating the complete removal of silica template by chemical etching. Figure 2(b) shows the TEM image of the mesoporous WO 3 material that consists of well-de¯ned nanopores and frameworks with uniformly repeating units in a large range. The welldeveloped crystalline framework of the mesoporous WO 3 material can also be observed in high-resolution TEM image [inset of Fig. 2(b) ], and the d-spacing of 3.69 Å corresponds to (020) plane.
The pore structures of the mesoporous WO 3 material were characterized by the N 2 adsorptiondesorption measurement (Fig. 3) . As shown in Fig. 3(a) , the WO 3 material exhibits typical type-IV with H1 hysteresis loop in the range of p=p ¼ 0:8-1.0, which is the characteristic of the mesoporous material. The corresponding BJH PSD curve of the WO 3 materials [ Fig. 3(b) ], which was obtained from the adsorption branches of the N 2 -sorption isotherms, indicates that the material has dual porous structures centered at about 3.4 nm and 20 nm. The pore size of 3.4 nm should come from the silica frameworks after the removal of silica template, and the other (20 nm) may be caused by the 
In°uence of reaction conditions
In order to investigate the catalytic activity of mesoporous WO 3 , a series of reaction systems were tried for removal of DBT from model oil, and the results are listed in Table 1 . The di®erent desulfurization systems (Table 1 ), such as (1) only (5) oxidation by H 2 O 2 and mesoporous WO 3 without solvent, were carried out for DBT removal. When acetonitrile was used as the extractant, biphasic systems were formed. The model oil was in the upper layer while acetonitrile was the lower layer. As shown in Table 1 , only extraction process with acetonitrile (entry 1), degree of DBT removal was around 56.9%. Under the same reaction conditions, even after the addition of H 2 O 2 (entry 2) or WO 3 (entry 3) into the model oil, there are no signi¯cant increases of the sulfur removal (58.8% and 57.3%, respectively), indicating that the ODS reaction does not occur in the presence of only oxidant or only catalyst. As expected, the desulfurization e±ciency of around 96.9% is achieved with the addition of both H 2 O 2 oxidant and mesoporous WO 3 catalyst (entry 4). In the case of entry 5, the activity is negligible without acetonitrile extractant even though both the oxidant and catalyst are present in the reaction system. These results indicate that acetonitrile is a suitable medium which can make DBT to get contact with the catalyst surface e®ectively. During the reaction, the surfaces of WO 3 catalyst are transformed into the corresponding peroxo species by reacting with H 2 O 2 , 21,40 which plays an important role in the ODS reaction, and then the DBT was oxidized to its corresponding sulfone through oxidation process. Figure 4 displays the removal of DBT from the model oil using the mesoporous WO 3 catalyst at di®erent reaction temperatures. It is clearly demonstrated that the removal of DBT is improved with increasing the reaction temperature from 27 C to 60 C. The ODS e±ciency increases from 92.5% to 96.6%, which indicates that high temperature is bene¯cial for the ODS performance. However, there are no signi¯cant di®erences in the catalytic activities at 50 C and 60 C, and a slightly lower e±ciency in DBT removal at 60 C than that at 50 C is observed, which is probably because high temperature leads to more H 2 O 2 self-decomposition. Hence, the reaction temperature of 50 C is chosen as a suitable temperature in the present desulfurization process.
In order to investigate the e®ect of H 2 O 2 amount on the desulfurization system, the ODS of DBT was carried out under di®erent molar ratios of H 2 O 2 /S from 2 to 10 (Fig. 5) . According to the stoichiometry of the ODS reaction, 2 mole of H 2 O 2 are consumed Table 1 . DBT removal at di®erent desulfurization system.
Entry
Desulfurization system Sulfur removal (%) for the conversion of 1 moles of sulfur-containing compounds to their corresponding sulfones. 41 However, the molar ratio of 2 gives only 89.7% of the sulfur removal (Fig. 5) , indicating that the stoichiometric amount of H 2 O 2 could not result in the complete oxidation of DBT under the present reaction conditions, probably due to its self-decomposition. As shown in Fig. 5 , the DBT can be removed completely from the model oil when the molar ratio of H 2 O 2 /S increases to 5 and excess amount of H 2 O 2 more than H 2 O 2 /S ¼ 5. In addition, under the above suitable reaction conditions, the catalytic abilities of the mesoporous WO 3 and bulk WO 3 on DBT removal were shown in Fig. 6 . The results showed that the mesoporous WO 3 catalyst exhibited much higher catalytic activity than that of the bulk WO 3 catalyst. It is probably due to the high surface area of mesoporous WO 3 , which can provide more active sites for oxidation from DBT to DBTO 2 . Figure 7 shows the ODS performances of the mesoporous WO 3 catalyst for the removal of various sulfur-containing organic substrates such as DBT, BT and 4,6-DMDBT. The degree of ODS conversions of DBT, BT and 4,6-DMDBT is 100%, 89.5% and 94.7%, respectively, which are well-agreed with those of literatures. 41, 42 The desulfurization performance depends on the two factors: steric hindrance and electron density around the sulfur atom of different substrates. Among the three sulfur compounds, BT shows the lowest reactivity, which will be ascribed to the lowest electron density around the sulfur atom in BT (5.739) than the sulfur atoms in DBT (5.758) and 4,6-DMDBT (5.760). 43 Hence, higher electron density of the sulfur atom was bene¯cial for the oxidation of the sulfur compounds by H 2 O 2 . The catalytic activity for 4,6-DMDBT is lower than that for DBT substrate, which is probably due to the two methyl groups around the sulfur atom, giving steric hindrance.
Catalytic stability of mesoporous WO 3 material
The reusability and stability of the catalysts are important factors for their industrial applications. The recycling test using the mesoporous WO 3 catalyst was investigated for removal of DBT from model oil (Fig. 8) . After each ODS reaction, the catalyst was separated by¯ltration, and then reused under the same conditions by placing it into a new reaction mixture without any treatments. As shown in Fig. 8 , the removal degree of DBT for¯ve recycles are almost 100%, indicating that the mesoporous WO 3 catalyst is very stable and reusable under the present operating conditions. It is noteworthy that the mesoporous WO 3 catalyst does not need a regeneration process such as washing with solvent and heating at high temperature, which are generally carried out for recovering the catalytic activity in ODS reaction system. 32 
Conclusion
In this present work, highly ordered mesoporous WO 3 was successfully synthesized via nanoreplication method using KIT-6 as a hard template. Nanostructured framework of WO 3 material is maintained after silica removal. The catalyst displayed signi¯cant catalytic performance in ODS reaction. In the reaction, H 2 O 2 as an oxidant and acetonitrile as an extractant solvent, and the optimized condition was suggested as V model oil :V solvent ¼ 1:1, H 2 O 2 /S ¼ 5:1, catalyst ¼ 0:1 g, reaction temperature ¼ 50 C, time ¼ 120 min. The reactivity of sulfur compounds in this system was decreased in the order of DBT > 4,6-DMDBT > BT. Besides, mesoporous WO 3 could be recycled 5 times without any loss in its catalytic activity. There is no requirement for solvent washing or calcination process in order to regenerate the catalyst which is a crucial factor for industrial catalysis. Thus, in this extraction and catalytic oxidation desulfurization system (ECODS) system, mesoporous WO 3 is an e®ective catalyst for removing sulfur from model oil, and it may be a green, environmentally friendly catalyst for desulfurization of commercial fuel. 
